ABSTRACT Sympatric insect species that do not share sex pheromone components but have a common host and overlapping adult ßight periods are potential targets for the development of a combined sex pheromoneÐ based monitoring tool. A system using a single synthetic pheromone blend in a single lure to bait a single trap to monitor two pests simultaneously represents a novel approach. In this study, a combined pheromone-based monitoring system was developed for two lepidopterous defoliators of trembling aspen Populus tremuloides Michenaux in western Canada, Malacosoma disstria Hü bner (Lepidoptera: Lasoicampidae) and Choristoneura conflictana (Walker) (Lepidoptera: Tortricidae). EfÞcacy and longevity of a lure containing both speciesÕ pheromones were tested. Immature stages of each species were sampled to evaluate the ability of pheromone traps baited with the combined lure to predict population density. The combined lure was as attractive to M. disstria and C. conflictana males as were traps baited with each speciesÕ pheromone alone. Lure age had no effect on attraction of male C. conflictana to the combined lure but had a negative effect on attraction of M. disstria. The number of male moths captured in traps baited with the combined lure was related to immature counts for both species. Pupal counts of M. disstria and larval counts of C. conflictana provided the best relationships with male captures. The combined lure does not attract M. disstria males in direct proportion to population density, because trap catch was comparatively low at high-density M. disstria sites.
Pheromone-baited traps are effective tools in integrated pest management (IPM) because they are easy to operate, species speciÞc, and effective at low population densities (Elkinton and Cardé 1981) . Pheromone-baited traps may be used to determine the presence or absence of a pest species, to provide estimates of population density, or to monitor a population to identify a threshold density for the implementation of management strategies (Howse et al. 1998 ). Pheromone-based monitoring of insect populations requires that the number of adult insects captured correlate with population density (Sanders 1988) . Such correlations have been observed for insect pests in both forest (Granett 1974 , Shepherd et al. 1985 , Evenden et al. 1995 , Lyytikainen-Saarenmaa et al. 2006 ) and agricultural (Shelton and Wyman 1979 , Tingle and Mitchell 1981 , Ngollo et al. 2000 systems. Pheromone trapping is especially applicable for detecting periodic eruptions in the density of forest pest species that undergo population cycles. Predictive, pheromonebased monitoring systems have been developed for three major forest defoliators in North America: spruce budworm Choristoneura fumiferana (Clem.) (Lepidoptera: Tortricidae), Douglas-Þr tussock moth Orgyia pseudosugata (McDunnough) (Lepidoptera: Lymantriidae), and gypsy moth Lymantria dispar L. (Lepidoptera: Lymantriidae) (Ravlin 1991) .
Species speciÞcity of sex pheromoneÐ baited traps implies that multiple trapping systems are needed to monitor more than one pest in a given stand or crop. A sex pheromoneÐ based monitoring tool that could target more than one pest species simultaneously and accurately predict population densities of both species would be of great practical and economic beneÞt. Such a system would require that attraction of targeted species not be impeded by heterospeciÞc pheromone components. A single lure containing aggregation pheromones for several Coleoptera species has been successful for detection of forest (Scolytinae) (Miller et al. 2005) , orchard (Nitidulidae) (James et al. 2000) , and stored product pests (Curculionidae) (WakeÞeld et al. 2005) . Sex pheromone trapping has been attempted, but has not been successful, for multiple species of forest insects using multiple lures in one trap (Johansson et al. 2002) . To our knowledge, there has not been a pheromone-based monitoring system reported that uses a single blend, lure, and trap to predict population density for more than one pest species simultaneously.
We present results for the development of a combined sex pheromone lure to monitor population density of two lepidopterous forest pests of trembling aspen Populus tremuloides Michenaux (Salicaceae): forest tent caterpillar, Malacosoma disstria Hü bner (Lepidoptera: Lasoicampidae), and large aspen tortrix Choristoneura conflictana (Walker) (Lepidoptera: Tortricidae). Aspen is one of the most widely distributed tree species in North America (Farrar 1995) and is of great economic and ecological importance in the western North American boreal forest (Hogg et al. 2002) . Insect defoliation of aspen, especially by M. disstria, is known to reduce growth and cause tree mortality when combined with additional stressors such as drought (Candau et al. 2002) . Both M. disstria and C. conflictana are widely distributed throughout North America and experience cyclical changes in population density (Ives and Wong 1988) . C. conflictana population outbreaks can last 2Ð3 yr (Cerezke 1992) , whereas M. disstria outbreaks can last up to 5 yr (Ives and Wong 1988) . C. conflictana outbreaks reportedly precede (Ives and Wong 1988) or occur concurrently with (Cerezke 1992 ) M. disstria infestations. Although this phenomenon is poorly understood, it indicates that both species have similar habitat requirements. M. disstria and C. conflictana are both univoltine with overlapping ßight periods. M. disstria overwinter as Þrst-instar larva within the egg and emerge with leaf ßush in the spring. Pupation starts in June when larvae construct silk cocoons in folded leaves. Adults ßy June to August in the boreal forest of western North America when female M. disstria oviposit their entire egg complement in one clutch (Fitzgerald 1995) . C. conflictana overwinter as second-instar larvae and emerge shortly before leaf ßush to mine buds. Later instars feed and pupate in leaf clusters. C. conflictana ßy in June and July when females oviposit at least one egg mass, generally on the upper surface of leaves (Prentice 1955) . Similar ecology and overlapping phenologies (i.e., ßight season) of these two species facilitates the development of a combined approach to population monitoring.
Malacosoma disstria and C. conflictana have markedly different sex pheromones. The pheromone of C. conflictana has been identiÞed as Z11-tetradecenal (Z11-14Ald) (Evenden and Gries 2006) and is attractive to males throughout their geographic range (Weatherston et al. 1978, Evenden and Gries 2006) . Chisholm et al. (1980) identiÞed the major pheromone component of M. disstria female as (Z5, E7) dodecadienal (Z5E7-12Ald). A blend of Z5E7-12Ald, (Z5, Z7) dodecadienal (Z5Z7-12Ald), and Z7 dodecenal (Z7-12Ald) was later reported to be more attractive to male moths than Z5E7-12Ald alone (unpublished data cited in Chisholm et al. 1982) . Schmidt et al. (2003) determined that an attractive blend for populations of M. disstria in western Canada consisted of a 100:1:10 ratio of Distinct pheromone components for M. disstria and C. conflictana is evidence that unique chemical communication channels have evolved for these species and allow for a combined approach to pheromonebased monitoring. Here, we propose using a single lure containing a synthetic pheromone blend comprised of both speciesÕ pheromone in a single trap to target two distantly related sympatric pest species. Preliminary work showed that combining pheromones into one lure is as attractive to males of each species as their respective pheromone alone (Evenden 2005) . The intent of this study is to develop a predictive model to detect incipient outbreaks of both species in aspen stands in the Canadian boreal forest. We tested the efÞcacy of the combined lure at varying densities of each species and the attractiveness of the combined lure to both species over the ßight period and compared the number of adult males captured in traps to estimates of abundance for immature stages. (Palaniswamy et al. 1983 , Schmidt et al. 2003 , Evenden 2005 . Lures were stored in sealed jars at Ϫ20ЊC and transported to Þeld sites in refrigerated containers.
Materials and Methods

Study
Efficacy of Combined Pheromone Lure. In 2005, the attractiveness of lures containing both speciesÕ pheromones was compared with lures containing each pheromone separately and with a solvent control (Table 1). Green, nonsaturating Unitraps (Phero Tech) were baited at each site, with lures containing one of four pheromone treatments (Table 1) . Traps were hung at head height (Ϸ1.5 m), 50 m apart in a line at the edge of the forest stand. The order of the four treatments was randomized within each of 23 sites that served as blocks in a randomized block design. A strip of Hercon Vaportape II (Phero Tech) was used as a killing agent in each trap. Traps were deployed from early June until the end of August 2005 to span the ßight season for both species. Catches were collected at 2-wk intervals and counted in the laboratory. Counts were totaled for each site to obtain a seasonlong catch for analyses. In 2006, the same protocol was used to collect males for the predictive model but only using the combined and control lures (Table 1) .
Malacosoma disstria trap catch was analyzed separately for high-(n ϭ 6) and low-(n ϭ 17) density sites because of marked differences in numbers of males captured among treatments between regions. Because the high-density population of C. conflictana collapsed in 2005, and trap catch was similar among areas, all sites were pooled for analysis. Generalized linear models with Poisson errors were used to test for treatment effects. Individual pheromone treatments were compared with treatment contrasts using S-PLUS 7.0 (Insightful, Seattle, WA).
Longevity of Combined Pheromone Lure. In 2005, two lure longevity experiments were performed during peak ßight season for each species to determine attractiveness of the combined lure (Table 1) after exposure to Þeld weathering for various time periods. Experiments were performed once in late June for C. conflictana in the Drayton ValleyÐRocky Mountain House area and once in mid-July for M. disstria in the Wabasca area. Lures were loaded in the laboratory at weekly intervals and placed in a Þeld enclosure on the University of Alberta campus for various periods before the start of each experiment. Lures were aged 0 Ð5 wk for the experiment targeting C. conflictana and 1Ð9 wk for the experiment targeting M. disstria to account for the protracted ßight period of the latter species. Aged lures, and a hexane control, were randomly assigned to Unitraps and hung 50 m apart at head height (Ϸ1.5 m) along a transect at the edge of forest stands and replicated at six sites for the experiment targeting C. conflictana and seven sites for the experiment targeting M. disstria. Traps remained in the Þeld for 2 wk, and total catch was counted in the laboratory. A generalized linear model with Poisson errors was performed for each separate experiment using S-PLUS 7.0 (Insightful, Seattle, WA) to detect an effect of lure age on lure attractiveness.
Immature Sampling and Predictive Capabilities of the Combined Pheromone Lure
Malacosoma disstria. Pupae and egg masses were sampled during the 2005 and 2006 Þeld seasons to estimate abundance. M. disstria pupae were sampled at 23 and 25 sites in 2005 and 2006, respectively. Counts were made in late June using a timed search for cocoons (Roland and Taylor 1997) . A transect along the stand edge was walked for 20 min at each site, and all cocoons within 2 m off the ground were counted. If 100 cocoons were counted in Ͻ20 min, the search was stopped, and the number of cocoons that would have been counted in 20 min was extrapolated. M. disstria egg masses oviposited in 2005 and 2006 were sampled at 15 and 14 sites, respectively. Three co-dominant aspen trees were selected at each site in mid-October of each year. Trees were felled, and one randomly selected branch was removed from each of the lower, middle, and upper portions of the tree crown. Egg masses were collected from the terminal 0.75 m of each branch and transported to the laboratory for counting. Total number of eggs found on all branches was used for analysis. The combination of egg and pupal counts permitted three generations of M. disstria to be sampled through 2005 and 2006 .
Choristoneura conflictana. Late-instar larvae and egg masses were sampled with a similar three-tree protocol used for M. disstria egg masses. C. conflictana larvae were sampled in late May 2005 at 15 sites. Predictive Model. The ultimate goal of the monitoring system is for adult trap catch within a generation (n) to predict the number of immatures in the offspring generation (n ϩ 1) to detect changes in population density from year to year. Relationships between moths and immatures within a generation (n) are also of interest; thus, all possible combinations of male trap capture and immature counts for each species were regressed to test for signiÞcant relationships (Tables 2 and 3 ). Data were tested for linear effects using generalized linear model regressions with Poisson errors (S-PLUS 7.0; Insightful). Additional nonlinear effects were assessed by inclusion of a quadratic term in the model and comparison of the linear and nonlinear models with analysis of variance (ANOVA). Estimate of Þt for models was determined by calculating the proportion of deviance explained by the model. M. disstria pupal counts were log transformed to provide better resolution of the data in which counts spanned several orders of magnitude.
Results
Efficacy of Combined Pheromone Lure. Traps baited with the combined lure that contained both speciesÕ pheromone (Table 1 ) captured male M. disstria at both high and low density populations (Fig. 1 ). There was a strong effect of pheromone treatment on the number of males captured at lowdensity sites (F 3,64 ϭ 29.95, P Ͻ 0.001; Fig. 1A ). There was no difference in male capture between traps baited with M. disstria pheromone alone and the combined lure (t ϭ Ϫ1.44, P ϭ 0.15). No M. disstria males were captured in the C. conflictana pheromone-or control-baited traps at low-density sites. At high-density sites, equal numbers of M. disstria males were captured in all traps (F 3,20 ϭ 0.083, P ϭ 0.97; Fig. 1B ). Male moth capture in traps baited with the combined lure was lower than expected at high-density sites, and there was no difference in catch between high-and low-density sites (F 1,21 ϭ 0.58, P ϭ 0.31).
Pheromone treatment had a strong effect on the number of C. conflictana males captured in traps at all sites (F 3,84 ϭ 44.20, P Ͻ 0.001; Fig. 2 ). There was no signiÞcant difference in the number of males captured in traps baited with the combined lure and the C. conflictana lure (t ϭ Ϫ0.32, P ϭ 0.75). Traps baited with M. disstria pheromone and solvent control lures did not capture any C. conflictana males. Lure Longevity of Combined Pheromone Lure. There was a negative effect of lure age (0 Ð9 wk) on the capture of M. disstria males in traps baited with the combined lure (F 1,55 ϭ 5.22, P ϭ 0.027; Fig. 3A) . There was no effect of lure age on the capture of male C. conflictana (F 1,26 ϭ 0.020, P ϭ 0.89; Fig. 3B ).
Immature Sampling and Predictive Capabilities of the Combined Pheromone Lure
Malacosoma disstria. Pupal counts in 2005 were not related to numbers of males captured within the same generation (n) later that summer (Table 2 ). In 2006, pupal counts were signiÞcantly related to male trap capture in the same generation (n) through a nonlinear relationship (Table 2 (Table 2) . Similarly, adult captures in 2006 did not predict numbers of eggs sampled in 2006 (n ϩ 1) ( Table 2) .
Choristoneura conflictana. Larval counts in the summer of 2005 were not related to numbers of males captured in the same generation later that summer (n) (Table 3) .
Discussion
A sex pheromoneÐ based monitoring system that targets two forest insect pests simultaneously using one pheromone blend, one lure, and one trap is a novel approach with economic potential and ecological application (Jones and Evenden 2008) . This study showed the feasibility of a combined pheromonebased approach to simultaneously monitor populations of M. disstria and C. conflictana. The combined lure was as attractive to both M. disstria and C. conflictana males as traps baited with each speciesÕ pheromone alone. Our Þndings conÞrm that there are no antagonistic effects of heterospeciÞc pheromone components to the malesÕ response at the rates tested (Evenden 2005) .
At high-density M. disstria sites, all traps captured M. disstria males, including the solvent-baited control traps. This was likely because of the extremely high number of adults in ßight and the high probability that they would encounter an unbaited trap. Pheromone contamination among traps was ruled out as a potential factor because the lures and traps were handled in the same manner at all sites, and male M. disstria were only captured in control traps at high-density sites. (2005) found M. disstria capture in traps baited with the same combined lure, but containing 4% Z5Z7-12Ald, was comparable to the 2006 trap catch in this study in which lures contained 3.1%. Although the amount of this isomer cannot be controlled in the synthesis of the pheromone, further development of the combined system should control for M. disstria pheromone blends between years. Furthermore, (Z5, E7) dodecadien-l-ol (Z5E7-12OH) has been identiÞed as a minor pheromone component from female gland extracts (Chisholm et al. 1980) . Although this component has not been tested with the tertiary blend for M. disstria, addition of Z5E7-12OH to the combined blend could be tested in future studies to improve attractiveness of the combined lure to M. disstria. Capture of male C. conflictana in traps baited with the combined lure also varied greatly between years. Trap catch from 2006 was higher than 2005 in this study and was comparable to previous results using the combined lure (Evenden 2005) . Direct comparison of captures between years is not possible because of natural variation in population density. Variation in trap catch between years should not hinder efÞcacy of the combined monitoring tool for either species because the goal of a pheromone-based monitoring system is to relate numbers of adult captures to population density estimates and not to maximize absolute trap catch.
For season-long monitoring, combined lures need to be attractive throughout the ßight period of the targeted pests. In this study, the combined rubber septa lure was less attractive to M. disstria males after being Þeld aged for ϳ5 wk. Lure age had no effect on capture of C. conflictana males when aged up to 5 wk. Pheromone release rates from rubber septa decrease exponentially with time (Butler and McDonough 1981) and are affected by temperature and wind speed (McDonough 1991). Thus, older lures may be less attractive to male M. disstria because of a low release rate of remaining pheromone. Changes in component composition over time because of differential loss may also decrease lure attractiveness (Mô ttus et al. 1997) . This is particularly problematic for aldehydes (McDonough 1991) such as the pheromone components of these species. A 14-carbon monounsaturated aldehyde has a half-life of Ϸ43 d on rubber septa (Heath et al. 1986 ). Accordingly, there should be sufÞcient Z11-14Ald remaining on the septa to attract C. conflictana males to lures aged for 5 wk. The major component in the M. disstria blend is a 12-carbon diunsaturated aldehyde. Decreasing carbon chain length and increasing unsaturation both reduce the half-life of aldehydes (Heath et al. 1986 ). As a result, rubber septa lures loaded with Z5E7-12Ald will have a half-life much less than 43 d. This estimation matches the observed decrease in attractiveness of the combined lure to male M. disstria (Ϸ35 d; Fig. 3A ). However, lures should remain attractive to M. disstria for the duration of the ßight period given that Schmidt et al. (2003) showed little difference in male captures in traps baited with lures containing either 67 or 390 g of the tertiary blend. In 2005 and 2006, both the combined and M. disstria lures continued to attract males until the traps were removed at the end of August. Future work should test the effect of age of the combined lure with higher loadings of M. disstria pheromone.
Choristoneura conflictana larval counts were significantly related to numbers of males captured in traps both within and between generations. Although larval samples were strongly related to adult trap catch, signiÞcant relationships were driven by one site. Different population levels were targeted for monitoring and sampling; however, the high-density population declined at the onset of the study and reduced the breadth of C. conflictana population densities sampled. C. conflictana outbreaks are short lived (Cerezke 1992) . It is therefore difÞcult to identify areas with incipient outbreaks with which to increase the range of population densities for study. A three-tree larval sample per site, combined with the narrow range of population densities sampled, may account for the lack of signiÞcant relationships between male captures and larval counts in the subsequent generation.
Malacosoma disstria egg and pupal counts were related to numbers of captured males both within and between generations. In addition, high pupal counts were indicative of severe defoliation. Because M. disstria pupal counts are related to numbers of male captures, the potential exists for the combined lure to predict changes in defoliation; however, this remains to be directly tested. These data also show that pupal counts could predict incipient outbreaks of M. disstria.
The relationships between numbers of adult male captures and immature counts of M. disstria are either linear or curvilinear. Pheromone trap captures of M. disstria level off at high densities when estimated by pupal counts (Roland 2005) and by defoliation (Schmidt et al. 2003) . Our results show that trap catches not only level off at high density but actually decline at extremely high density. Low capture of M. disstria males in pheromone-baited traps at sites with high population densities may indicate that a high level of ambient pheromone disrupts males from locating a source. M. disstria mate Þnding was disrupted by permeating the air with synthetic pheromone (Palaniswamy et al. 1983 ). This phenomenon has been described as the "competition effect" (Cardé 1979 ), more recently explained as "competitive attraction" (Miller et al. 2006 ) and shown experimentally in codling moth Cydia pomonella L. (Lepidoptera: Tortricidae) (Howell 1974 ) and the maize stemborer Chilo partellus Swinhoe (Lepidoptera: Pyralidae) (Unnithan and Saxena 1991). Reduced capture of M. disstria males at high-density sites may also be explained by high parasitism rates of larvae (Fitzgerald 1995) , resulting in pupal and egg samples that overestimate adult abundance. Although the combined lure does not attract male M. disstria in proportion to the actual population density at outbreak levels, the main objective of the model is to predict increases in population density from endemic levels and thus detect incipient outbreaks.
Several factors may account for unexpected, weak, or lack of relationships between M. disstria trap capture and some immature samples. There is large variation in numbers of egg masses and numbers of eggs per mass both within and among forest stands for M. disstria (Hodson 1941 , Witter et al. 1975 ). This variation was observed at both high-and low-density sites in this study. It was expected that egg counts would have the same curvilinear relationship with male trap capture as pupae. However, the difference in the resulting curves may be explained by the observed variation in numbers of eggs and masses. Mortality from predation and parasitism and adverse climatic conditions may also reduce the strength of relationships between adult catch and samples of immature stages. The effect may be particularly acute between generations that have longer intersample periods (Jactel et al. 2006) . M. disstria infestations in particular are known to have high rates of parasitism (Fitzgerald 1995) . Determining parasitism rates of each life stage, and including a weighting factor of percentage of parasitism in the model, may improve its predictive capabilities (Evenden et al. 1995) .
Large variation among sites also occurred with male trap catch, including when sites were partitioned by levels of defoliation (e.g., Figs. 5A and B) . Variation in stand composition among sites may also weaken relationships (Allen et al. 1986 , Sanders 1988 , Sweeney et al. 1990 ). Although all sites in this study were aspen dominated, each site had slightly different tree species composition and age. It is possible that sites with a greater number of large aspen trees could yield more insects because of greater foliage biomass (Sanders 1988 , Sweeney et al. 1990 ). Pheromone traps attract adult males at a stand level; therefore, an increased number of immature samples in conjunction with greater control of site composition heterogeneity could increase the strength of relationships between adults and immature stages. Dispersal may be a factor through emigration from high-density sites or immigration from the stand (Allen et al. 1986 ).
The goal of this study was to develop the combined lure so that numbers of captured males of both species could predict immature stage abundance in the subsequent generation and detect changes in population density. C. conflictana larval counts were related to male captures, but trap capture did not predict larval densities in the subsequent generation. Numbers of captured M. disstria males predicted numbers of eggs in the subsequent generation but not in the relationship expected. M. disstria pupae provided the best relationships with male captures through a curvilinear relationship. A standardized technique to conduct pupal counts may be better able to detect changes in population density of M. disstria but would be more time consuming, less cost effective, and potentially less sensitive at low densities than pheromone trapping. With the improvements discussed above, the combined system could be further developed to successfully predict incipient outbreaks of both species in the boreal forest of western Canada. Climate warming will likely exacerbate the occurrence of insect outbreaks in the boreal forest (Logan et al. 2003) , resulting in M. disstria and C. conflictana potentially driving aspen stand dynamics (Volney and Hirsch 2005) . Therefore, the combined monitoring system presents a timely and cost effective approach for forest managers and researchers.
